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The understanding of magnetic reconnection in three-dimension (3D) is far shallower than its counterpart in two-
dimension (2D) due to its potential complication, not to mention the evolving of the spontaneously growing turbulence.
We investigate the reason for reconnection acceleration on the characters and development of diffusion regions and
sheared 3D energy modes (energy modes that are not parallel to the anti-parallel magnetic fields) during the turbulence
building stage. We found that multiple reconnection layers emerge due to the growth of 3D sheared tearing instability.
Diffusion regions on adjacent reconnection layers form an inflow-outflow coupling that enhances the local reconnection.
Further coupling of the existing energy modes breeds new energy modes near the current sheet edge. As reconnection
layers span and interact with each other across the whole current sheet, global magnetic energy consumption accelerates.
The significant contribution of 3D energy modes and their interaction to the reconnection rate enhancement seems to be
independent on magnetic diffusivity. On the other hand, the global guide field changes the layout of 3D reconnection
layer thus determines whether the system is fast-reconnection-preferable.
I. INTRODUCTION
Magnetic reconnection is one of basic nonetheless com-
plicated plasma processes. A reconnecting extensive current
sheet spontaneously generates turbulence. The potential non-
linear nature of reconnection frequently tangles with turbu-
lence in both macro1–5 and micro scales6,7.
The understanding of the interaction between turbulence
and reconnection starts from how turbulence changes the re-
connection rate. It was found in two-dimensional (2D) sim-
ulation that the global reconnection rate increases by intro-
ducing a strong random perturbation onto a current sheet8.
It was also shown in three-dimensional (3D) simulation that
driven turbulence increases the global reconnection rate which
becomes independent of diffusivity1. The energy of turbu-
lence is applied to the system manually in both cases. How
the self-generated turbulence accelerates the reconnection in
a free system is not sufficiently understood.
One turbulence reconnection model theoretically describes
the reconnection development in a 3D current sheet when a
statistical steady turbulent state has reached9. In the global
scale, which corresponds to the energy input scale, the mag-
netic fields are absorbed into the global current sheet as the
turbulent area expands across the current sheet. In the local
scale, which corresponds to the dissipation scale, reconnec-
tion happens in the diffusion region and blends the field lines.
A fast global reconnection rate is deduced by coupling to the
MHD turbulence theory10 that the local reconnection in local
diffusion regions is fast.
Fast overall reconnection is found in 3D spontaneous re-
connection. In a current sheet with no guide field, the recon-
nection rate is shown to be in the magnitude of 0.001, while
a non-monotonic change of reconnection rate with diffusiv-
ity is found2. In a current sheet with a guide field that varies
from half to twice of the strength of the anti-parallel fields, the
overall reconnection rate is consistently high that MA ∼ 0.01.
This result is found to be independent of diffusivity. The re-
connection rate remains high even when the guide field is re-
duced to 10% of the anti-parallel field4. Judging by the up-to-
date results, it seems that 3D reconnection has the potential to
be fast in the system with a large Lundquist number. On the
other hand, physics might change with the global guide field
strength.
The global features, such as the fast global reconnection
rate and the global current sheet expansion2–5, are often dis-
cussed. The validation of the local reconnection process pre-
dicted by the turbulence theory has not been confirmed due to
the structural complexity. In addition, the present MHD turbu-
lence theories all consider a strong background field10–12. It
limits the application of the present turbulence reconnection
model. Thus detailed descriptions of both local reconnection
in diffusion regions and global behavior are needed to explain
more general reconnection picture.
It was speculated that multiple tearing layers might emerge
if a multi-modal perturbation is applied to a 3D large sheared
magnetic field13. In 3D numerical simulations, multiple re-
connection layers coexisting in a current sheet built by mag-
netic shear in large scale are frequently observed3–5,14–16.
If these reconnection layers are independent of each other,
each layer might follow the scenario of 2D plasmoid
instability17–19. As a whole, they contribute to a global fast re-
connection. If the distance between layers is small than their
width, these layers might interact with each other. As the in-
teraction is along the sheet width direction (the magnetic shear
direction), it should change the plasma andmagnetic fields go-
ing into the diffusion regions on each layer. In this paper, we
execute numerical simulations to understand the development
of a spontaneous reconnecting current sheet when multiple re-
connection layers emerge. How diffusion regions are affected
by the interaction is the main topic.
From our previous study, we noticed an inflow-outflow cou-
pling of flow in a global current sheet with multiple reconnec-
tion layers16. The coupling is observed as a direct feeding of
plasma flow from the outflow region of a diffusion region on
one reconnection layer to the inflow region of a diffusion re-
gion on another reconnection layer. However, as the initial
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perturbation was a random seed of velocity field, it is difficult
to extract a detailed analysis of the local diffusion region.
In order to get a clear picture of how diffusion regions on
different reconnection layers interact with each other, we ap-
ply only 2 reconnection layers in the current sheet from the
beginning. This can be achieved by perturbing the current
sheet with selected tearing instability eigenfunctions. The
inflow-outflow coupling is expected to be built once the pair
of reconnection layers are close to each other. By scrutiniz-
ing the details of reconnection layer coupling, the physics
in the local and global development of diffusion regions is
thought to be revealed. The result is believed to compensate
for the insufficient detailed description in turbulence recon-
nection theory5,9.
The configuration of this paper is as the following. In
Sec.II, we introduce the simulation model and setup. In
Sec.III, the local and global detailed analyses of a typical
tearing-eigenfunction-perturbed simulation are presented, fol-
lowed by the result of a parameter survey of changing tearing
mode wavelength. In Sec.IV, the result found in the previ-
ous section is reexamined in random-perturbed systems with
various diffusivities and strengths of the global guide field.
In Sec.V, discussion on the extension of our present result is
shown. Final conclusion is summarized in Sec.VI.
II. SIMULATION MODEL
We apply ordinary one-fluid resistive (uniform diffusivity)
MHD equations which neglect viscosity, gravity and heat con-
duction for simplicity, together with the equation of state for
the ideal gas:
∂ρ
∂ t
+(v ·∇)ρ =−ρ(∇ ·v) (1)
ρ
∂v
∂ t
+ρ(v ·∇)v =−∇p+ J×B
c
(2)
ρ
∂e
∂ t
+ρ (v ·∇)e =−p∇ ·v+ηJ2 (3)
∂B
∂ t
= ∇× (v×B− cηJ) (4)
J =
c
4pi
∇×B (5)
in which ρ and p are plasma mass density and pressure, γ =
5/3 is the adiabatic index, e is the internal energy per unit
mass that e = p/[(γ− 1)ρ ] and η is the resistivity.
All quantities are normalized by the typical parameters.
The length scale is in the unit of the initial current sheet width
δ . The time scale is normalized by tA = δ/vA0, where vA0
is the asymptotic Alfve´n velocity. Initial uniform mass den-
sity ρ0 is used for normalizing mass density. Normalization of
the magnetic field is implemented by B0 = vA0
√
ρ0. Current
density is normalized by J0 = cB0/δ while plasma pressure is
normalized by p0 = B
2
0. All equations are solved in Cartesian
coordinate.
Our backgroundmagnetic field is composed of anti-parallel
component By(x) with a uniform finite guide field Bz:
B = Byyˆ+Bzzˆ
= By0 tanh
( x
a
){1
2
[
tanh
( | x | −4δ
a
)
− 1
]}
yˆ
+ αBy0zˆ (6)
where By0 =
√
4piB0 and a= 0.5δ . This modified Harris sheet
has one central global current sheet centered at x = 0 and two
secondary current sheets near x = ±4δ . This configuration is
to simplify the boundary condition across the current sheet di-
rection, while the secondary current sheets do not participate
in reconnection essentially within our simulation time. The
guide field strength is mediated by parameter α . To obtain a
static global structure, the total uniform pressure is set as:
Ptot =
B20
2
(1+α2)(1+β ) (7)
in which β = 0.2 is the ratio between the plasma pressure and
the magnetic pressure at the asymptotic field outside of the
central global current sheet.
We divide the simulations into two groups regarding the dif-
ferent forms of the perturbation onto the initially static central
global current sheet. Other parameters are also changed for a
more general scan.
We denote the first simulation group as the eigenmode-
perturbation simulation group. The simulations in this group
are triggered by velocity and magnetic fields of selected tear-
ing mode eigenfunctions. They are used to understand the
basic development of the reconnection layer interaction. In
this group, two subgroups of simulations are included to make
comparisons.
The first subgroup, called double-layer simulation, is per-
turbed by two superposed tearing modes kL and kR. These
two modes are 3D tearing modes which are shear to the global
anti-parallel magnetic field. The perturbation results in the
emergence of one reconnection layer on either side of the cen-
tral global current sheet from the beginning of the simulation
(similar to Grasso, Borgogno, and Pegoraro 20).
To simplify the analysis, the two modes kL and kR are cho-
sen to be rotational-symmetric across the central global cur-
rent sheet center. The initial fields become
B(t = 0) = B[0]+B
[1]
L +B
[1]
R (8)
v(t = 0) = v
[1]
L + v
[1]
R , (9)
where [0] and [1] represent background and first-order per-
turbation components of fields. The amplitude of the initial
perturbation is determined that
max(|vx|, |vy|, |vz|) = 0.01vA0. (10)
This amplitude is small enough to start from the linear stage
but large compared to many other studies. Since what we are
interested in is the nonlinear interaction between the two re-
connection layers, by applying appropriately large initial am-
plitude, the system enters the nonlinear stage earlier that the
simulation resource is saved.
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The other subgroup, called single-layer simulation, is per-
turbed by one single 3D tearing mode kR that only one re-
connection layer emerges on the positive-x side of the central
global current sheet. The initial fields are
B(t = 0) = B[0]+B
[1]
R (11)
v(t = 0) = v
[1]
R . (12)
This group of simulations is used to differentiate the recon-
nection layer interaction result from the potential nonlinear
development of a single tearing mode.
We label each tearing mode as (m,n). The integers m and n
are defined by the box size Ly and Lz along y- and z−direction
respectively that
m = ky
Ly
2pi
(13)
n = kz
Lz
2pi
, (14)
where ky is always positive while kz can be positive or nega-
tive. In our system, the mode growing on the negative-x side
is labeled as n < 0 while the mode growing on the positive-x-
side is labeled as n > 0. Therefore, double-layer simulations
are labeled in the form of (m,±|n|) while single-layer simula-
tions are labeled as (m, |n|). As a tearing mode (m,n) grows,
its correspondent energy mode (m,n) also grows.
The tearing instability grows on the layer where
B ·k = 0 (15)
is satisfied. As the tearing instability grows, the layer gradu-
ally grows into a reconnection layer. We define a resonance
factor q that
q =
By(x)
Bz
, (16)
which mimics the safety factor used in a tokamak or a
reversed-field pinch (RFP). On a reconnection layer with a
certain q, a series of harmonics grows with the same ratio of
n/m that
q =−Ly
Lz
n
m
. (17)
By combining Eq.(16) and Eq.(17), the resonance condition
determines the reconnection layer position xs along the x-
direction in the initial central sheared magnetic fields:
xs ∼ αa Ly
Lz
n
m
(18)
for a certain tearing mode (m,n) and its correspondent energy
mode (m,n).
The tearing modes we apply as kR are (1,1), (2,1), (3,1),
(4,1) for the two subgroups. Their rotational-symmetric
counterparts are also applied as kL in the double-layer sim-
ulation subgroup. Among them, we select the tearing mode
(3,1) as the typical mode to investigate the reconnection
layer interaction across the sheet. In all these simulations,
the guide field strength α = 0.1 and the diffusivity η˜ =
ηc2/(4pi)∼ 3.2×10−4δ 2/tA are used. The double-layer sim-
ulation (3,±1) continues until the boundary is influencing
the central global current sheet (∼ 640tA). The other simula-
tions stop at ∼ 200tA. All single-layer simulations maintain a
translational-invariance along kR until the end of simulations.
The second simulation group is denoted as the random-
perturbation simulation group. It is used to confirm the result
achieved from the eigenmode-perturbation simulations. The
simulations in this group are triggered by a random velocity
field with an amplitude the same as Eq.(10). We separate the
simulations into two subgroups. In one subgroup, we vary the
guide field strength α from 0.01 to 0.2, while the diffusiv-
ity is kept the same as the eigenmode-perturbation simulation
group (η˜ = 3.2× 10−4δ 2/tA). In another subgroup, we test
three cases of simulation with different diffusivity η˜ = 1.6,
3.2 and 6.5× 10−4δ 2/tA, while the guide field is the same
as the eigenmode-perturbation simulation group (α = 0.1).
The Lundquist number S in our system is defined by the total
Alfve´n speed vA = vA0
√
1+α2 that S = vAL/η˜ ∼ 0.3, 0.7 and
1.3× 105, respectively for the subgroup with different diffu-
sivity. All simulations in this group continue until the current
sheets at the boundary impact strongly to the central global
current sheet (roughly 700tA ∼ 900tA). We stop the simula-
tion of α = 0.01 case in the random-perturbation simulation
group at t = 1000tA as we are interested in the global current
sheet development in the same time range.
In all simulations, the simulation box has a periodic bound-
ary condition on all sides. The box size is Lx × Ly × Lz =
10δ ×24δ ×6δ , which is resolved by 640×1000×250 grids
at least. Across the x-direction, we apply non-uniform grids
to resolve the central global current sheet that ∆x > 0.005δ .
Uniform grids along y- and z-direction are adjusted with
∆y = ∆z = 0.024δ . In double-layer simulation (4,±1) and
its single-layer counterpart, ∆x > 0.004δ and ∆y = ∆z =
0.015δ are used. For the higher Lundquist number case,
∆x > 0.0025δ and ∆y = ∆z = 0.015δ are used. Resolution
check is done by applying different widths of current sheet in
solving 1D diffusion equation. The grid size we apply here
could resolve the diffusion region with a thickness of at least
a = 0.02δ . We test the convergence check by changing the
grid size into ∆y = ∆z = 0.04δ for the double-layer simula-
tion (1,±1). At t = 100tA, the reconnection rate increases by
3%. The typical structures are not essentially changed, only
the local reconnection is reducedmoderately in the higher res-
olution simulation. So we argue that the resolution does not
have a strong impact on our model, however the scaling might
be changed when an even higher resolution is applied. We use
CIP-MOCCT code21 with artificial Lapidus-type viscosity22
developed by H. Isobe from Kyoto University.
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FIG. 1. 3D structures of the double-layer simulation (3,±1) at t =
30tA. Bright features represent diffusion regions. Panel A): current
density isosurface J/J0 = 0.65. Panel B): current density J on z = 0
plane. Panel C): current density J on z =−1.5δ plane.
III. SIMULATION RESULT I:
EIGENMODE-PERTURBATION GROUP
A. Typical case: double-layer simulation (3,±1)
We specifically study the development of the double-layer
simulation (3,±1) as a typical case. The reconnection layer of
the tearing mode (3,1) locates close to the current sheet center
that it can build an efficient interaction with its counterpart
across the central global current sheet. Moreover, the tearing
mode (3,1) is one of the most unstable 3D tearing modes in
our system. It is expected to be dominant in the linear phase.
1. Local analysis of inflow-outflow coupling
After simulation starts, two reconnection layers emerge.
The isosurface of the current density J is plotted in Fig.1 panel
A). The diffusion regions are defined as the regions with high
current density, which are the bright features in Fig.1. Mean-
while, converging inflows and diverging outflows are identi-
fied in the enhanced current density region. The diffusion re-
gions form lines along the sheet direction. They are parallel to
the local B and perpendicular to k of the correspondent tear-
ing mode. Since k on either side of the current sheet are dif-
ferent, the alignment of diffusion regions changes on different
z-plane. Two characteristic alignment structures are shown in
panels B) (z = 0) and C) (z = −1.5δ ). In panel B), tearing
modes on either side has a phase shift of pi along the current
sheet (y-direction), while in panel C) the phase shift is ±pi/2.
We denote the planes similar to z = 0 and z = −1.5δ as anti-
symmetric and symmetric planes, respectively.
As can be seen in Fig.1, the system varies from the anti-
symmetric plane to the symmetric plane periodically if each
z-plane is scanned along the global guide field direction. We
assume that the regions in between the anti-symmetric and the
symmetric planes are possessing the characters from both of
these planes. So in the following part, we concentrate on the
development of these two characteristic planes and treat the
other planes as a mixture.
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FIG. 2. Panel A): the inflow-outflow coupling in the double-layer
simulation (3,±1) at t = 30tA. One wavelength is presented along
the y-direction. The velocity field on z = 0 plane is plotted as vec-
tors over the contour plot of current density Jz/J0. The positions of
plasma inflow and upstream magnetic field measurement on y = 0
line are labeled by thick red and blue crosses. Panel B): spatially
averaged plasma inflow into the diffusion region on the reconnec-
tion layer of the tearing mode (3,1). Panel C): spatially averaged
upstream magnetic field into the diffusion region on the reconnec-
tion layer of the tearing mode (3,1). Red and blue lines with crosses
are measurements on the anti-symmetric and symmetric planes in
the double-layer simulation (3,±1) respectively. Black lines with
crosses are measurements in the single-layer simulation (3,1). The
values are shown in the time range when diffusion regions can be
identified and maintain intact.
The anti-symmetric plane is in favor of inflow-outflow cou-
pling. A typical inflow-outflow coupling on z = 0 plane in
the double-layer simulation (3,±1) is shown as the velocity
vectors in panel A) of Fig.2. The diffusion regions are de-
scribed as being coupled when the inflow-outflow coupling
is built by them. To understand how the inflow-outflow cou-
pling changes the local reconnection more quantitatively, we
study the reconnection characters of a coupled diffusion re-
gion on an anti-symmetric plane (z = 0). The diffusion region
is selected to be on the reconnection layer of the tearing mode
(3,1) (on the positive-x side) and lays across y = 0 line.
We first calculate the current density J⊥ that is perpendicu-
lar to kR. Then we find the local minimum J⊥,min along y = 0
line. The size of the diffusion region is closed by the posi-
tions where J⊥ is half of J⊥,min. The plasma flows converge
into the left and right diffusion region boundaries along x-axis
are considered as the inflows. The flows diverge out from the
upper and lower diffusion region boundaries along y−axis are
considered to be the outflows. The length of a diffusion region
is defined as the distance between the upper and lower bound-
aries along kR. The inflow characters along the left bound-
ary of the diffusion region we choose are influenced by the
inflow-outflow coupling. The position of this boundary on
y = 0 line is labeled as the red cross in panel A). We average
the inflows spatially along a line that centers at this point and
extends along kR in a length of the diffusion region length.
We also measure the magnetic field B‖ that is parallel to kR
in the position where the current density J⊥ is roughly 0 to the
left of the diffusion region inflow boundary. As the frozen-in
condition is satisfied, the measured magnetic field is consid-
ered to be the upstream magnetic field of the reconnection in
this coupled diffusion region. The position of the measure-
ment on y = 0 line is labeled as the blue cross in panel A).
The magnetic field is averaged along the line that centers at
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this point and extends along kR in a length of the diffusion
region length.
The normalized spatially averaged inflows 〈Vin〉/VA0 are
plotted in panel B) of Fig.2. It can be seen that the local inflow
into the diffusion region is enhanced by roughly 6 times on the
anti-symmetric plane in the double-layer simulation compared
to that in the single-layer simulation. The inflow into the dif-
fusion region on the symmetric plane is initially comparable
as that in the single-layer simulation. It decreases with time
and falls to roughly one-quarter of the measurement in the
single-layer simulation around t = 50tA. The result directly
shows that the inflow-outflow coupling contributes to the lo-
cal reconnection acceleration.
The normalized spatially averaged upstream magnetic
fields 〈Bin,e/B0〉 are plotted in panel C), which shows another
effect of the inflow-outflow coupling. As the inflow increases,
the magnetic field is transported fast into the diffusion region
thus piles up in front of the inflow region. It is shown that the
upstream magnetic field of the diffusion region on the anti-
symmetric plane in the double-layer simulation is roughly
twice of that in the single-layer simulation at t = 50tA. In
the single-layer simulation, the upstream magnetic field gets
weaker as the reconnection saturates. Reversely, the upstream
magnetic field of the diffusion region on the symmetric plane
is growing. It is probably because that the reconnection in the
diffusion region saturates so fast that it cannot consume all
magnetic fields that are transported into it previously. Thus a
piling up of magnetic flux is observed.
Theoretically, secondary tearing is triggered when ∆′ is
large18,23. It means a strong piling-up magnetic field in front
of the diffusion layer. Therefore, secondary tearing is ex-
pected to grow when the inflow-outflow coupling is effective,
as the upstreammagnetic field accumulates. In Fig.3, we track
the diffusion region development on the anti-symmetric and
symmetric planes in the double-layer simulation (3,±1) and
on the z = 0 plane in the single-layer simulation (3,1) along
time. At t = 100tA in the double-layer simulation (3,±1),
secondary tearing feature is observed on the anti-symmetric
plane in A2). No such feature is found on the symmetric
plane in the double-layer simulation (3,±1) or in the single-
layer simulation (3,1). The diffusion region on the symmetric
plane shrinks without splitting, as can be observed from B1)
to B3). The diffusion region in the single-layer simulation
extends and saturates as the current density becomes weaker
from C1) to C4). From the information above, it can be seen
that the secondary-tearing-like feature in (3,±1) is not an in-
trinsic character of the tearing mode (3,1) but rather a result
from the interaction of reconnection layers.
Secondary tearing is an indication of a further vio-
lent change of a current sheet, as shown in the plasmoid
instability18,19,24–26. Unlike the plasmoid instability, which
comes from the interaction between diffusion regions and
plasmoids along a single current sheet, the inflow-outflow
coupling in 3D is in the direction across the global current
sheet. The coupling can be only built when there exists a
phase shift of tearing modes. It reflects the importance of
understanding the three-dimensionality in the reconnection
study.
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FIG. 3. Current density contour plot on anti-symmetric plane z = 0
(upper panels) and symmetric plane z=−1.5δ (middle panels) in the
double-layer simulation (3,±1) and z = 0 plane in the single-layer
simulation (lower panels) along time. The original diffusion regions
are labeled by black boxes with dashed lines, while new diffusion
regions are labeled by red boxes with dashed lines. Only one period
along y-direction is shown.
In the plasmoid instability, diffusion regions are incessantly
produced during the violent phase. From Fig.3, it can be found
that new diffusion regions are created. In addition to the par-
tition of the original diffusion region in A2), a new overlying
diffusion region starts to grow outside on the anti-symmetric
plane in the double-layer simulation (3,±1). It becomes more
visible with time and seems to dominate the reconnection at
t = 150tA in A4). The production of the overlying diffusion
region on the anti-symmetric plane is likely to relate with the
partitioned diffusion regions. As two diffusion regions are
produced as A2) shows, their sheet-wise outflows have a head-
on collision and diverge. The diverging flow along positive-x
carries the magnetic fields outwardly and meet the free field
lines that are going inwardly under the global Lorentz force.
The squeeze then creates the new diffusion region.
A new overlying diffusion region is also identified outside
of the original one on the symmetric plane at t = 150tA in B4).
Its production mechanism is thought to be different from that
on the anti-symmetric plane. Because no new diffusion region
is found in the single-layer simulation (3,1), the production
should be related to the interaction of reconnection layers.
2. Global development of reconnection layer coupling
The creation of diffusion regions outwardly to the initial
diffusion regions on both characteristic planes at t = 150tA
suggests that the production is a global trend. The current
denstiy isosurface J/J0 = 0.6 in the whole simulation box is
plotted in Fig.4 to show the global picture. The wavy struc-
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FIG. 4. Current density isosurface represents flux tube boundaries
and diffusion regions in the whole simulation box. Yellow, purple
and green lines are selected magnetic field lines from z = 0, −1.2δ
and 1.2δ planes, while red and blue lines are selected magnetic field
lines on z = −0.6δ and 0.6δ planes. All lines root along the layer
corresponds to energy mode (3,−5).
tures are boundaries of flux tubes. There is one group of flux
tubes on either side of the central global current sheet. They
extend along the sheet direction. The orientation of these flux
tubes indicates the growth of new energy modes (3,5) and
(3,−5), which are growing on different x−planes compared
to the initial energy modes (3,1) and (3,−1). By plotting the
magnetic field lines that root on the layer corresponds to the
energy mode (3,−5), it can be seen that these lines are twist-
ing with each other and confined inside the flux tube. Since
these flux tubes cover large areas along global sheet direction,
they are created by a reconnection layer respectively. There-
fore, it is proved that new diffusion regions are created glob-
ally and form a new reconnection layer on either side of the
central global current sheet.
The layers on which energy mode (3,5) and (3,−5) grow
are closer to the asymptotic magnetic fields than the initial en-
ergy modes (3,1) and (3,−1) by applying Eq.(18). They are
capable to transport the magnetic fields with large magnetic
energy into the global current sheet central region to be dis-
sipated. If inflow-outflow couplings still exist in this stage to
support a fast local reconnection, the global reconnection is
expected to increase compared to the case when all reconnec-
tion layers are closer to the global central current sheet center.
We first calculate the total kinetic energy in the box and
the overall magnetic energy dissipation rate. The total kinetic
energy is calculated as:
Ek =
∫ Lz
2
− Lz2
∫ Ly
2
− Ly2
∫ Lx
2
− Lx2
1
2
ρv2dxdydz. (19)
The overall magnetic energy dissipation rate is calculated by
Ek/E0
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FIG. 5. The total kinetic energy (left) and the overall magnetic en-
ergy dissipation rate (right) of the double-layer simulation (3,±1).
The periods in which the magnetic energy dissipation rate has a boost
are shaded by gray. The normalized result from the single-layer sim-
ulation (3,1) until t = 200tA is also plotted as the blue dashed lines.
the time derivative of the reduced total magnetic energy:
∆Em =
∫ Lz
2
− Lz2
∫ Ly
2
− Ly2
∫ Lx
2
− Lx2
|Bf|2−|B|2
8pi
dxdydz, (20)
where Bf is the magnetic field calculated in a nonlinear simu-
lation without any perturbation. By subtracting Bf, the mag-
netic change from the global diffusion is removed. The over-
all magnetic energy dissipation rate is normalized by Pin =
2LyLzvA0B
2
y0/(4pi). It represents the total inflow Poynting flux
estimated by the global asymptotic magnetic field from both
sides of the central global current sheet.
By observing the total kinetic energy and the overall mag-
netic energy dissipation rate in Fig.5, we notice two boosts in
the two shaded periods (t = 100−200tA and t = 320−460tA).
In comparison, no such eruptive energy release is observed in
the single-layer simulation (3,1).
The overall magnetic energy dissipation rate boosts sug-
gest faster local reconnection in these periods, which can be
achieved by inflow-outflow couplings from our analysis in
Sec.IIIA 1. In order to build inflow-outflow couplings across
the sheet direction, multiple reconnection layers that span
across the sheet direction should coexist in the central global
current sheet. Thus multiple energy modes with large enough
amplitude to participate in reconnection on these layers are
required.
We calculate the magnetic energy of each mode (m,n) in
the Fourier space by converting the magnetic field
B˜(x,m,n) =
1
LyLz
∫ Lz
2
− Lz2
∫ Ly
2
− Ly2
B(x,y,z)e−i(kyy+kzz)dydz (21)
into magnetic energy spectrum and integrate along the x-
direction that
E˜m(m,n) =
∫ Lx
2
− Lx2
|B˜(x,m,n)|2
8pi
dx (22)
to track the dominant energy mode growth along time. Since
we are applying the rotational-symmetric setup, we average
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FIG. 6. Dominant magnetic mode energy in the selected periods
(shaded by gray colors) which correspond to the overall magnetic
energy dissipation rate boosts in Fig.5. Black dashed line is the maxi-
mum mode energy at each time step ((0,0)mode excluded). Colored
lines are the most energetic modes during each boost. An overlap
of a color line with the black dashed line means that this mode is
the dominant mode at this moment. The energy mode (1,0) is also
plotted as blue lines.
all energy modes in the form of
E˜m(m, |n|) = 1
2
[
E˜m(m,+|n|)+ E˜m(m,−|n|)
]
(23)
for convenience.
Selected energy modes are plotted in Fig.6. The periods
shaded by gray correspond to the same periods in Fig.5. A
selected mode is the energy mode which grows over other
modes, namely becomes the most energetic mode, in the gray
shaded regions. The 3D modes (i.e., modes with n 6= 0) al-
ways dominate during the two boosts periods. Inside the first
shaded period (t = 100− 200tA), the most energetic mode
changes from the initially grown energy mode (3,1) to (3,3)
then finally (3,5). It shows a shift from an energy mode with
a smaller |n| to an energy mode with a larger |n|. Thus it indi-
cates a creation of reconnection layer outwardly. On the right
panel, we plot the most energetic modes in the second shaded
period (t = 320tA − 460tA). Before entering this phase, the
system seems to undergo a re-organization. The energy mode
(1,1), which is closer to the central global current sheet center
than its predecessor (3,5), grows rapidly. It corresponds to a
coalescence-like process. The energy mode (1,3) grows fast
after energy mode (1,1). It also shows an increase of only |n|
value thus new reconnection layers grow externally. Since the
difference of the most energetic modes strength in the shaded
periods is within 1 order of magnitude, it implies the coex-
istence of multiple reconnection layers in the central global
current sheet.
None of the successive energy modes in the shaded peri-
ods is preferred by the initially static system. It means that
they must grow by receiving energy from the existing energy
modes by nonlinear process27. We refer to this mechanism
as the nonlinear coupling of two energy modes (m1,n1) and
(m2,n2) in the following context, which can be described as
(m1,n1)+ (m2,n2)→ (m1±m2,n1± n2) (24)
A) individual transfer to (3,3)
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B) individual transfer to (3,5)
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FIG. 7. The individual energy transfer rates of energy modes (3,3)
and (3,5) from different paths. Black dashed lines (t = 80tA) are the
starting time for the rapid growth of energy modes (3,3) and (3,5).
Orange (t = 130tA) and green dashed lines (t = 190tA) label the peak
times for the dissipation rate of these two modes respectively.
in general. Chain effect of successive nonlinear coupling be-
tween daughter and mother energy modes will spread out an
extended energy spectrum. We calculate the energy transfer
rate along each path to find the most contributing one that
explains the emergence of new energy modes in the shaded
periods of Fig.6. We skip the second shaded region as the
whole system becomes so turbulent that the energy mode is
less well-defined. The calculation of the energy transfer rate
is based on the study by Dahlburg, Antiochos, and Zang 28 ,
which is the extension of the work in hydrodynamics29.
The individual energy transfer paths of energy modes (3,3)
and (3,5) are showed in Fig.7. Before the rapid growth from
∼ 90tA, the main energy transfer paths into the energy mode
(3,3) are (3,1)+(0,2), (−3,1)+(6,2) and (−3,−1)+(6,4).
The first transfer path can be understood by geometric con-
finement. The second and the third transfer paths both involve
higher wavenumber modes. Energy mode (6,2) is the second
harmonic of the original energy mode. Energy mode (6,4)
is produced predominantly by (−3,1) + (9,3) (not shown)
and energy mode (9,3) is the third harmonic of the original
mode. Similar processes happen for energy mode (3,5). The
energy transfer path (−3,1)+ (6,4) dominates before (3,5)
grows rapidly. In addition, the second harmonic of energy
mode (3,3) is also participating in transferring the energy via
(−3,−1)+ (6,6).
A general trend in both cases is that the new energetic mode
in the positive-x side is mainly charged by the nonlinear cou-
pling of the present strongest energy mode in the negative-
x side and higher harmonics (and its product) modes in the
positive-x side (turquoise lines). On the other hand, the growth
of higher order harmonics of the original energy modes is re-
lated to the secondary tearing. As the secondary tearing is
triggered by the inflow-outflow coupling between the initial
energetic modes, it is suggested here that the inflow-outflow
coupling and the nonlinear coupling are related processes.
After 80tA, the energy transfer from energy mode (0,0) be-
comes predominant for both modes. It runs over the total en-
ergy transfer from 90tA in growing energy mode (3,3) and
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FIG. 8. Panel A): the central global current sheet width (black line)
and the spatially averaged current density (blue line) in the whole
simulation box. Panel B): root-mean-square of the velocity field
along the x-direction. The two boost periods are shaded by gray in
panel A) and in between the dashed lines in panel B).
140tA in growing energy mode (3,5), since these two modes
are pouring energy to other modes as well. It implies that
these two energy modes are growing mainly by absorbing en-
ergy from the background current after they are charged by
other modes to a large enough amplitude, similar to an ordi-
nary tearing mode.
As new energy modes are activated near the sheet edge due
to the nonlinear coupling, the reconnection layers span from
one side of the central global current sheet to the other side.
By a direct observation of local flow pattern and diffusion
region distribution, an increasing number of inflow-outflow
coupling event can be found inside the central global current
sheet during the shaded periods. Therefore, a 3D web-like
energy consuming engine is formed by connecting magnetic
fields from either side of the sheet, where magnetic energy is
abundant, through multiple layers in between. As the layer
extends along the sheet and the local reconnection is fast due
to the inflow-outflow coupling, a global fast reconnection is
achieved when new layers are formed near the edges (Fig.5).
To consolidate our argument that 3D modes are important
in the 3D reconnection, we plot the spatially averaged current
density strength 〈|J|〉
〈|J|〉=
∫ Lz/2
−Lz/2
∫ Ly/2
−Ly/2
∫ Lx/2
−Lx/2
|J(x,y,z)|dxdydz/(LxLyLz) (25)
and central global current sheet width in panel A) of Fig.8.
The central global current sheet width is defined as the dis-
tance between the positions with a certain current density
threshold that equals to the current density at the initial current
sheet half-width (∼ 0.24J0).
Inside the shaded periods which correspond to the recon-
nection boosts, there exist faster expansions of the current
sheet. Meanwhile, 〈|J|〉 increases during these phases. It
also indicates an acceleration of global dissipation. During
the re-organization phase, the current sheet also expands. It
is mainly due to the coalescence-like process that larger flux
tubes are created. The expansion speed in the re-organization
phase is roughly half compared to the fast expansion in the
two shaded periods.
In panel B), we plot the root-mean-square of the total veloc-
ity vrms along x-direction. The main contribution to the total
velocity is vy, which is the outflow from diffusion regions.
It can be seen that vrms increases during two boost periods.
Meanwhile, the enhancement is off from the central global
current sheet center as they are mainly the outflow from the
3D modes.
From all arguments above, we found how important 3D en-
ergy modes are for the whole development of the 3D recon-
nection picture by exploring details in one simulation result.
In the following part, our arguments are rechecked in various
conditions to get a general conclusion.
B. Parameter survey of inflow-outflow coupling
In this section, we examine the dependence of the local re-
connection enhancement due to the inflow-outflow coupling
on the layer distance. In addition, we check the generality of
our results on the global development. The double-layer sim-
ulations used in this section are (1,±1), (2,±1), (3,±1) and
(4,±1). Their single-layer simulation counterparts are also
included for comparison.
In our system, changing k will change both the recon-
nection layer position xs and the tearing mode wavelength
λ . Because the inflow region size is positively scaled to the
wavelength30, we normalize the layer distance dl to λ and de-
fine a normalized layer distance Ac:
Ac =
dl
λ
∼ 2αan
Lz
√
1+
(
nLy
mLz
)2
(26)
where dl is evaluated by Eq.(18). By this definition, the
double-layer simulation (4,±1) has the smallest Ac value
while (1,±1) has the largest Ac. We check the inflow en-
hancement dependence on the value of Ac in the following
part. The diffusion region picked in the analysis is always the
diffusion region on the layer produced by the tearing mode
(m,1) and locates across y= z = 0 line (similar to Sec.IIIA 1).
We measure the inflow strength on both sides of the dif-
fusion region on z = 0 plane in all simulations. The inflow
measuring position is similar to that in Sec.IIIA 1. The mea-
surements are averaged along kR in a length half of the dif-
fusion region length, then averaged along time from when the
flow becomes steady until secondary tearing starts to grow.
The inflow from the left side of the diffusion region is the in-
flow involved in the inflow-outflow coupling in a double-layer
simulation. The inflow from the right side of the diffusion re-
gion does not participate in the inflow-outflow coupling. The
result is shown in Fig.9.
The inflow measured from the left side increases monoton-
ically in panel A) when the reconnection layers are closer to
each other. In order to see how much the inflow from the left
side enhances due to the inflow-outflow coupling, we normal-
ize the inflow in the double-layer simulations to their single-
layer counterparts and plot it in panel B). The inflow enhance-
ment also shows a monotonic increase with decreasing layer
distance. It is worth pointing out that the inflow ratio for
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FIG. 9. Panel A): time-averaged inflow of diffusion regions on z = 0
plane in double-layer simulations. Panel B): time-averaged inflow
ratio of double-layer simulations to their correspondent single-layer
simulations. Black lines with crosses are the measurements on the
left of the diffusion region. Blue lines with diamonds are the mea-
surements on the right of the diffusion region. Standard deviations
are shown as error bars.
(1,±1) with Ac ∼ 0.07 is ∼ 2. It means the inflow-outflow
coupling is ineffective that the resultant inflow is roughly the
superposition of the inflow into the present detecting diffusion
region and the diverging outflow from the diffusion region on
the other side of the current sheet. With a smaller distance
between layers (m ≥ 2), an effective inflow-outflow coupling
is built that the enhancement value exceeds 2 largely.
In comparison, it is shown in panel B) that the inflow in
double-layer simulations from the right side is not effectively
changed compared to single-layer simulations even when the
inflow-outflow coupling is strong from the left side. Nonethe-
less, the entire diffusion region shows an increased potential
in reconnection when the layers are closer to each other.
From our result in Sec.III A 1, we have found that the
inflow-outflow coupling will trigger secondary tearing even if
the original single tearing mode is stable to secondary tearing.
In Fig.10, we compare the double-layer simulations (2,±1),
(4,±1) and their correspondent single-layer simulations to
see the local development of diffusion regions in the early
stage. In the upper panels, it can be seen that the tearing
mode (2,1) is potentially vulnerable to the secondary tearing,
while mode (4,1) is secondary-tearing-stable. Both double-
layer simulations (2,±1) and (4,±1) exhibit the character of
secondary tearing that partition of current density peak can be
seen from the lower panels.
The magnetic energy of energy modes calculated by
Eq.(23) at a certain time for all double-layer simulations is
plotted in Fig.11. The time slice for the double-layer simula-
tion (1,±1) is chosen when the overall magnetic energy dissi-
pation rate reaches the first peak. The others are chosen when
the final energymodes in the energy transfer reach their peaks.
In the effective inflow-outflow coupling cases (m ≥ 2), a en-
ergy transfer path along the global guide field (kz-direction, or
along |n|) can be seen. However, in the double-layer simu-
lation (1,±1), the energy mainly goes along the 2D-like cas-
cade path (yellow dashed line).
We explore the individual energy transfer paths for both
double-layer simulations (2,±1) and (4,±1). The energy
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FIG. 10. Current density Jz contour plot for double-layer simulations
(2,±1), (4,±1) and their correspondent single-layer simulations at
different times on the anti-symmetric plane z = 0.
transfer rate of energy modes (2,3) and (4,3), which are the
first energy mode along |n| direction in the energy transfer, is
plotted in Fig.12. The turquoise lines of (−2,1)+ (4,2)→
(2,3) in panel A) and (−4,1)+(8,2)→ (4,3) in panel B) are
similar paths to (−3,1)+(6,2)→ (3,3) in Fig.7 panel C). All
of them are dominant before the daughter modes are capable
to grow themselves by extracting the energy from the back-
ground magnetic field.
Finally, we compare the overall magnetic energy dissipa-
tion rate calculated by Eq.(20) of all simulations (Fig.13). We
measure at two different times. The first measurement is taken
just before secondary tearing emerges. The second measure-
ment is taken at the times the same as that in Fig.11.
In the understanding of the first measurement, we compare
the overall magnetic energy dissipation rate of double-layer
simulations over their correspondent single-layer simulations
in panel A). Although the inflow-outflow coupling becomes
more effective with decreasing Ac, the overall magnetic en-
ergy dissipation ratio exhibits a non-monotonic change with a
peak around Ac ∼ 0.035. Probably because the closest pair of
the coupling has the shortest wavelength, they influence only a
limited region near the central global sheet center. Therefore,
the overall magnetic energy dissipation rate does not change
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FIG. 11. Magnetic energy of energy modes calculated by Eq.(23) for
all double-layer simulations. The original energy modes are labeled
as red characters, while the green color represents the final energy
mode in the energy transfer. The red dashed line is the asymptotic
magnetic field orientation. The yellow dashed line is the 2D-like cas-
cade path for initially perturbed modes. Colors are in the logarithmic
scale.
A) individual transfer to (2,3)
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B) individual transfer to (4,3)
0 20 40 60 80
t/tA
10-9
10-8
10-7
10-6
10-5
10-4
all E -> E(4,3)
E(0,0)+E(4,3)
E(4,1)+E(0,2)
E(-4,1)+E(8,2)
E(-4,-1)+E(8,4)
FIG. 12. Individual energy transfer rate of energy modes (2,3) and
(4,3) in double-layer simulations (2,±1) and (4,±1), respectively.
Black dashed lines at t = 138tA in A) and t = 52tA in B) are the
starting time for the rapid growth of (2,3) and (4,3).
much compared to its single-layer counterpart. The absolute
values of the overall magnetic energy dissipation rate of all
double-layer simulations measured at two different times are
shown in panel B). The double-layer simulation (1,±1) has
the largest overall magnetic energy dissipation rate values than
all other simulations, regardless of the time. Nonetheless, the
overall magnetic energy dissipation rate in the second mea-
surement shows that more effective inflow-outflow coupling
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FIG. 13. Panel A): the overall magnetic energy dissipation rate ra-
tio of double-layer simulations over their correspondent single-layer
simulations just before secondary tearing emerges. The values are
normalized by the initial overall magnetic energy dissipation rate
(t ∼ 0). Panel B): the overall magnetic energy dissipation rate of
double-layer simulations. The blue line with squares is the measure-
ments just before secondary tearing emerges, the same as panel A).
The red line with stars is the measurements selected at the same times
as that in Fig.11.
will result in a higher enhancement of the overall magnetic
energy dissipation rate compared to their first stage.
From our results above, we have found that the inflow-
outflow coupling can be built when the relative distance be-
tween two reconnection layers is small. It can trigger sec-
ondary tearing, energy transfer to energymodes that grow out-
wardly and a faster overall magnetic energy dissipation rate
compared to a single reconnection layer. The arguments are
retested in the random-perturbation simulation group, which
has a more general setup and different parameter ranges.
IV. SIMULATION RESULT II: RANDOM-PERTURBATION
GROUP
The complicated structure in the random-perturbation
group makes the quantitative analysis difficult, especially the
local analysis as that in Sec.IIIA 1. Therefore, we only con-
centrate on the global character of this group.
We calculate the reconnection rate by measuring the recon-
nected flux growth rate, which follows the same method as
that in Huang and Bhattacharjee 3 . The fastest reconnected
flux growth rate before the boundaries start to interfere is
shown in Fig.14. The reconnection rate in α = 0.01 is cal-
culated at t = 1000tA. In addition, we calculate the magnetic
energy of energy modes. The simulations in which the energy
transfer along the global guide field is found are labeled with
circles. Otherwise, the simulations are labeled with crosses.
From our simulation result, the reconnection rate of the
simulation subgroup with different diffusivity (α = 0.1)
shows a weak dependence on the uniform diffusivity. The
values are in the same order of magnitude as other sponta-
neous 3D reconnection studies with moderate global guide
field strength4,5. All simulations in this subgroup exhibit an
energy transfer along the global guide field. A qualitative
examination shows that they basically follow the same sce-
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FIG. 14. Reconnection rate calculated by the fastest reconnected flux
growth rate for each subgroup.
nario as what we have found in the eigenmode-perturbation
group. However, unlike that in the eigenmode-perturbation
group, multiple reconnection layers (more than 2) emerge in
the initial state due to the implementation of a random veloc-
ity field. The distance between layers on the same side of the
central global current sheet is closer than the distance between
layers from either side of the sheet. Therefore, the layers inter-
act with each other on either side of the central global current
sheet first. When they grow thick enough, they interact across
the sheet center and achieve fast global reconnection.
In comparison, the reconnection rate shows a non-
monotonical dependence on the uniform global guide field. It
seems that there is a preferred window selected by the global
guide field for fast energy dissipation in our system. When the
guide field is small that α < 0.1, the global reconnection rate
reduces with the global guide field strength.
In the case with α = 0.01, reconnection happens only near
the central global current sheet center before t = 1000tA. En-
ergy modes (1,1), (1,−1) and (1,0) are dominant before
t ∼ 500tA. Due to the resonance condition of the closed
box, 3D energy modes (1,1) and (1,−1) are growing close
to the central global current sheet center. No energy trans-
fer along the global guide field is found. Thus no new re-
connection layer grow further away from the center. As we
have shown in Sec.III B, the global reconnection rate is low
if the reconnection layers are confined near the sheet cen-
ter. On the other hand, from t ∼ 500tA until the end of the
simulation (t = 1000tA), the dominant energy modes are 3D
energy modes with m = 0. These modes do not participate
in the reconnection thus the global reconnection decreases
from t ∼ 600tA. The reconnection rate increases again from
t ∼ 900tA due to the growth of 2D energy mode (1,0). There
remains a possibility that the reconnection can accelerate fur-
ther after 1000tA. Since the growth rate of energy mode (1,0)
is 1/4 of that in the random perturbation simulation with
α = 0.1 in the similar stage, we believe that the reconnection
rate enhancement might not be considerable.
In the simulations α = 0.05 and α = 0.2, the distance be-
tween initially emerged reconnection layers is larger than the
distance between reconnection layers in α = 0.1 case. It is
possible that the diffusion regions on the layers in α = 0.05
and α = 0.2 hardly couple so no energy transfer along the
global guide field is achieved. Therefore, the global recon-
nection is expected to be slow following our scenario.
However, α = 0.2 case reaches a global reconnection rate
that is similar to α = 0.1 cases. This is probably related to
the closed boundary condition. In our closed system, the
globalmagnetic field structure ends with the structure that cor-
responds to the energy modes with the longest wavelengths
that can be reached in the system, namely 2D energy mode
(1,0), 3D energy modes (1,1) and (1,−1). By Eq.(18), the x-
positions of energy modes (1,1) and (1,−1) in α = 0.2 case
are the largest among all simulation cases. Since the energy
modes (1,1) and (1,−1) are close to the asymptotic magnetic
field, they can efficiently convert the magnetic energy.
V. DISCUSSION
One global picture of the spontaneous 3D reconnection was
given in Beresnyak 5 . This work proposed that turbulence
gradually builds and expands the whole current sheet, finally
produces global 2D-like bi-directional inflows and outflows.
In our study, we showed how new energy modes, which grow
new reconnection layers, are produced outwardly. This pro-
cess explains the global current sheet expansion stage. Mean-
while, the nonlinear coupling of the pre-existing modes cre-
ates new modes and builds the turbulent state, as more and
more energy modes are activated seen from 2D energy spec-
trum in Sec.IIIA 2. In the turbulence reconnection picture9,
the field lines are thought to wander around inside the whole
current sheet and gradually release the energy by continuous
reconnection at different positions. We describe this wander-
ing motion as the inflow-outflow coupling of diffusion regions
on adjacent reconnection layers. The physics of the inflow-
outflow coupling was examined locally in detail. In this sense,
we have given a clear physical picture of the turbulence recon-
nection process, from the viewpoint of the diffusion region
development and the interaction between reconnection layers.
All our present simulation results are based on the simula-
tion in a closed box. It is often the case that the system is open
on both ends or at least one. When the system is open, the re-
connected structures can be removed from the current sheet by
the global outflow. From our result in a closed box, the growth
of new energymodes away from the current sheet center is im-
portant in enhancing the global reconnection efficiency. It re-
quires∼ 100tA to grow a new energymode by observing Fig.6
in our present simulation setup. If we assume the 2D outflow
is in the magnitude of vA0, then the global current sheet must
be longer than 100δ to ensure that the new energy modes can
be generated with the present structure. Whether our scenario
can be retrieved in an open system needs to be examined in a
simulation box with open boundaries.
From the simulation result of the global guide field sub-
group, it is found that the coexistence of multiple reconnection
layers in a closed box does not always lead to a fast global re-
connection. This is due to the large distance between initially
emerged reconnection layers, as some tearing modes are sup-
pressed by the closed boundary condition. When the simula-
tion box becomes open, the tearing modes are free to grow.
If the distance between the layers on which tearing modes
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grow is small enough to build the inflow-outflow coupling, the
global current sheet might follow our scenario to reach a fast
overall reconnection. However, if the distance between layers
is in the same magnitude as the thickness of the diffusion layer
of a tearing mode, this bunch of reconnection layers possibly
behaves like a thick layer. How the reconnection develops in
such a case needs further investigation.
Previous simulation results suggest that the physics in the
reconnecting global current sheet changes with the applied
global guide field strength2,4. We believe that our scenario is
applicable directly to describe the 3D reconnection in a global
current sheet with a moderate global guide field (α > 0).
Meanwhile, since only one reconnection layer at the global
current sheet center is allowed to grow when α ∼ 0, the de-
pletion of reconnection layers on which 3D energy modes
grow implies a slower reconnection by our analysis. There-
fore, we are capable to give a consistent theory to explain the
reconnection rate difference in current sheets with different
global guide field strengths. On the other hand, how the turbu-
lence accelerates the 3D reconnection in a global current sheet
with α = 0 is still not fully understood. It was thought that
Kelvin–Helmholz-like 3D instability which breaks the Sweet-
Parker31,32 type diffusion region into filaments is important in
enhancing the global reconnection rate2. Quantitative analysis
is needed to have a concrete conclusion.
The diffusivities applied in our simulation are much higher
than the astronomical value. From our present diffusivity sub-
group result, a fast reconnection is expected if the diffusiv-
ity is even lower. However, the developing time to reach
a fast reconnection might be diffusivity-dependent. Assume
that the inflow-outflow coupling between diffusion regions
is a universal phenomenon. The tearing mode needs time
to grow into an amplitude large enough to start the inflow-
outflow coupling effectively across the global current sheet.
The linear growth rate of the tearing mode is reversely scaled
to the diffusivity33,34. Then it is highly possible that it takes
a long time for a system to develop the inflow-outflow cou-
pling when the diffusivity is small. Once it is built, the
inflow-outflow coupling changes the spontaneous reconnec-
tion into the driven regime locally35. Theoretically, the lo-
cal reconnection is less dependent on the diffusivity in the
driven reconnection but rather relies on the inflow electric
field (Ein ∼ vinBin/c)36,37. Thus it is possible that the global
reconnection becomes less dependent on the diffusivity due to
the local driven reconnection that spreads all over the global
current sheet. Whether this holds true in a slowly diffusing
magnetic field is unclear and requires studies set with much
lower diffusivity.
VI. CONCLUSION
In our present study, we found a growth of new energy
modes near the global current sheet boundaries in spontaneous
3D reconnection. The emergence of the new modes comes
from the interaction of reconnection layers closer to the global
current sheet center. The global fast magnetic energy dissipa-
tion is achieved when reconnection layers expand across the
current sheet, while individual diffusion regions on different
reconnection layers build an inflow-outflow coupling that sup-
ports a fast local reconnection. As a whole, we present a de-
tailed explanation of the development of diffusion regions in
a current sheet when the turbulence is building. We also show
how important 3D energy modes contribute to the overall en-
ergy dissipation.
Although our simulations are executed in a closed box,
there remains a possibility that similar processes could be
achieved in an open system. Further examination with a larger
box or with open boundaries should be done to confirm our
picture. On the other hand, our present diffusivity is still far
higher than the astronomical value. Lundquist number larger
than 107 is required to observe a sufficient energy spectrum.
Huge simulation on the topic of reconnection is always re-
quired to explain the enormous energy release in the astro-
nomical phenomenon.
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